T he cost of reproduction is a cornerstone of evolutionary theory (e.g., Zera and Harshman 2001) . Recently, oxidative stress has been proposed as a new component of that cost. Oxidative stress can be defined as the imbalance between the rate of production of reactive species (mainly reactive oxygen species; ROS) by cell metabolism and the level or efficiency of antioxidant defenses (i.e., including repair mechanisms and intrinsic passive defenses-e.g., cell membrane composition)-which leads to damage to lipids, proteins, or DNA (Halliwell and Gutteridge 2007) . We must also consider regulatory processes controlling ROS generation and the disruption of redox-signaling mechanisms as components of oxidative stress (Jones 2006) . Redox signaling is the specific, usually reversible, oxidation or reduction modification of cellular signaling pathway components by a reactive species or by the shift in redox state of a responsive group such as a dithiol-disulphide couple (Forman et al. 2004) . Redox-signaling disruption has often been linked to pathological states (e.g., Go and Jones 2011) .
Oxidative stress has traditionally been associated with the aging process (Sies and Cadenas 1985, but see, e.g., Barja 2013 ) but may potentially shape other life-history traits (e.g., Isaksson et al. 2011) . Therefore, the hypothesis that reproduction leads to oxidative stress has attracted the attention of evolutionary biologists, because it may provide a mechanism for the hypothesized negative link between reproduction and longevity (e.g., De Jong and van Noordwijk 1992 ). An oxidative cost of reproduction would also support evolutionary theories linking reproduction and aging (Williams 1957 , Kirkwood 1977 . Along these lines, the disposable soma theory (Kirkwood 1977) suggests that the somatic line of the organism ("the soma") is maintained (e.g., by antioxidant mechanisms) while favoring reproduction (the activity of the germline). When this is not possible, the soma becomes "disposable, " and death occurs. The oxidative cost of reproduction would magnify this effect, accelerating aging and promoting a trade-off in the allocation of resources (i.e., energy; see below) between reproduction and survival.
In the early 2000s, two studies demonstrated that the shortterm (a few hours) survival of fruit flies exposed to paraquat (an ROS generator) declines when animals are stimulated to invest in reproduction , Wang et al. 2001 ). These were the first studies explicitly testing whether reproduction leads to oxidative stress and whether oxidative stress induced by reproduction reduces longevity. This could, in turn, explain aging. This idea defines the oxidative cost of reproduction within the framework of two complementary hypotheses: (1) reproductive effort increases oxidative stress, and (2) oxidative stress due to reproductive effort reduces lifespan. Since these initial studies, most research has tested the first hypothesis, frequently reporting nonsignificant or even counterintuitive results (i.e., breeding animals may endure lower oxidative stress than do nonbreeders; e.g., Speakman and Garratt 2014, Blount et al. 2016) . The second hypothesis is, however, relevant from an evolutionary point of view. A cost can only be considered as such when it translates into a lower contribution to the gene pool of the next generation (i.e., Darwinian fitness). This can result from lower survival (reduced longevity), but also from reduced reproductive success. In fact, the second hypothesis should be redefined to include the possibility of a reduction in the breeding output of subsequent reproductive events. The lack of consistent evidence supporting the first hypothesis has been explained by some limitations in experimental design (Metcalfe and Monaghan 2013) but also on the basis of potential theoretical problems (Speakman and Garratt 2014) . In this article, we provide (a) counterarguments to the two main theoretical criticisms of the oxidativecost-of-reproduction hypothesis and (b) explanations for the contradictory evidence suggesting that reproductive effort may, at least in some cases, reduce oxidative stress. To address the last point, we discuss several hypotheses. The recently proposed oxidative-shielding hypothesis (Blount et al. 2016 ) and two new alternative or complementary hypotheses are explained and debated. To conclude, some final remarks and directions for future research are provided.
First theoretical problem: The requirement of an energy allocation trade-off
The first theoretical problem argued to explain nonsignificant results obtained when testing the oxidative cost of reproduction is that there is no trade-off in the allocation of energy between the maintenance of a good oxidative status (maintenance of antioxidant or repair mechanisms to attain low oxidative stress and survive) and reproduction (i.e., Speakman and Garratt 2014) . This idea was first formulated as an answer to a previous debate emphasizing that experiments manipulating breeding effort under captivity commonly involve ad libitum resources (e.g., food, water, and temperature; Metcalfe and Monaghan 2013) . Under these supposedly optimal conditions, animals should be able to simultaneously invest in reproduction and antioxidants or repair mechanisms, masking the trade-off.
The idea of an absence of an energy allocation trade-off in the oxidative cost of reproduction was based on intriguing findings obtained in fruit flies and Caenorhabditis elegans (see Speakman and Garratt 2014) . Animals with ablated germlines live longer, but those whose whole gonads were removed did not (Hsin and Kenyon 1999) . A complex network of at least four interconnected molecular signaling pathways generated in somatic tissues, probably including part of the gonad, promotes increased lifespan but is blocked by signals from the germline ). This network suggests that biochemical signals could regulate longevity and reproduction simultaneously, independent of the availability of energy resources (Edward and Chapman 2011, Alonso-Alvarez and Velando 2012) . Moreover, reproduction and longevity seem to be uncoupled in Caenorhabditis and Drosophila mutants that are able to live longer without apparent fecundity loss or that show a reduction in fecundity without increases in lifespan (Flatt 2011 and references therein) . Nonetheless, we must note that these studies mostly analyzed effects on egg production, with unknown impacts on lifetime reproductive success, offspring quality or fecundity. In fact, we should ask why these mutants are apparently absent in the wild (Briga and Verhulst 2015) . However, the cited network is intimately related to the metabolism of energy macromolecules (glucose and lipids; Hansen et al. 2013) , which suggests that signals could play a role in regulating trade-offs that will only be fully understood when the complete mechanism is revealed.
Social insects are also paradoxical for evolutionary theories of aging. Queens are long lived compared with other castes but also invest more in reproduction, at least in terms of egg production (workers also invest in reproduction via queen and colony maintenance). Seehuus and colleagues (2006) proposed that the reproductive regulatory pathways were remodeled in the honey bee (Apis mellifera) to extend life. In particular, these authors showed that vitellogenin, a protein involved in the production of egg proteins in many taxa including vertebrates (e.g., Olsson et al. 2009 ), also functions as an antioxidant prolonging the lifespan. This implies that queen bees are able to simultaneously invest in reproduction and survival. However, this mechanism seems to be restricted to eusocial Hymenoptera. A direct causal link between vitellogenin and longevity has not been established in vertebrates and is unclear in other invertebrates such as C. elegans and fruitflies, in which high vitellogenin (Vg) expression is even linked to reduced longevity (e.g., Ren and Hughes 2014, Seah et al 2016) . Moreover, the genetic background of eusocial insects has led to the interpretation of the colony as a superorganism, with queens acting as the germline and workers as its disposable soma (e.g., Flatt et al. 2013) . Therefore, testing the OCR would require the comparison of different queens or hives on the basis of reproductive output but not different castes within a hive.
In any case, we propose that the requirement of an energy-based trade-off in the oxidative-cost-of-reproduction hypothesis is unnecessary considering two arguments: (1) nonenergetic resources (micronutrients essential for antioxidant protection, such as some vitamins, carotenoids, or cofactors in antioxidant enzymes) could be involved (see also Møller et al. 2000 , Alonso-Alvarez and Velando 2012 , Blount et al. 2016 , and (2) the trade-off can also be established without any limiting resource at all.
The second argument is probably the most definitive one. Tatar and Carey (1995) proposed that reproduction is not an energetic resource sink limiting self-maintenance but instead causes direct damage, impairing or inhibiting those processes involved in self-maintenance (see figure 1 ; Tatar 2001, Zera and . Resources would not be necessary for a trade-off if the associated cost is unavoidable (i.e., an "obligatory" cost; Speakman 2008, Alonso-Alvarez and Velando 2012). The same idea was suggested in our first study on the oxidative cost of reproduction (Alonso-Alvarez et al. 2004 ; see also Wiersma et al. 2004) . We proposed that the higher metabolic rate during reproduction should inevitably induce higher mitochondrial ROS production and, accordingly, oxidative stress. However, this scenario leads us to the second theoretical problem, which we discuss below.
Second theoretical problem: Metabolic rates are uncorrelated to ROS production Reproductive animals commonly face higher metabolic rates compared with nonreproductive ones (e.g., Speakman 2008). As we mentioned above, it was originally proposed that this could lead to oxidative stress, explaining the oxidative cost of reproduction (Alonso-Alvarez et al. 2004 , Wiersma et al. 2004 . This assumes that ROS are produced in direct proportion to metabolic rate as an unavoidable result of the activity of the mitochondrial electron transport (respiratory) chain, whose main function is to produce adenosine triphosphate (ATP) by oxidative phosphorylation (e.g., Speakman and Garratt 2014) . However, the link between metabolic rate and oxidative stress has been seriously questioned. Variation in the percent free radical leak (the percentage of total electron flow leading to ROS generation in the respiratory chain) causes the disproportionality between ROS production and oxygen consumption (Barja 2013) . During mild aerobic exercise, a high rate of oxygen consumption leads to low local partial O2 pressure in the mitochondria. This, in turn, increases the efficiency of the respiratory chain reducing ROS production (detailed in Barja 2013) . Mitochondria also produce heat instead of ATP by uncoupling oxidative phosphorylation. Uncoupling proteins in the inner membrane (UCPs) short-circuit mitochondrial energy metabolism, reducing ROS generation (e.g., Speakman 2008 , Salin et al. 2015 . The mechanism allows individuals with high metabolic rates to reduce ROS production (Speakman and Garratt 2014 and references therein). Speakman and Garratt (2014) argued that the apparent lack of a direct link between metabolic rate and mitochondrial ROS production is a key weakness of the oxidative-cost-of-reproduction hypothesis. However, recently, some authors have theoretically (in mathematical models) and empirically (in an experiment with insects) demonstrated that oxidative damage is more closely related to the biosynthetic rate (which is involved in growth but also in reproduction) than to metabolic rates (see Amunugama 2015, Amunugama et al. 2016) . These studies also suggest that variation in the percent free radical leak or uncoupling are less relevant. We also argue that ROS generated from cellular activities other than respiration can potentially lead to an oxidative cost of reproduction.
Mitochondrial oxidative phosphorylation is not the only endogenous source of ROS. Extramitochondrial enzymes are important producers (figure 2). Among them, the major contributors to ROS production, at least in mammalian models, are the nicotinamide adenine dinucleotide phosphate (NADPH) oxidases (also NOX), which are involved in superoxide production (Bedard and Krause 2007, Covarrubias et al. 2008) . They are present in most body parts, including the immune system (i.e., phagocytes) and reproductive tissues (Bedard and Krause 2007) . In fact, NOX is the only enzyme whose main function is the production of ROS and is involved in redox signaling (Drummond and Sobey 2014) . It has been suggested that NOX isoforms may generate ROS in some tissues, even at a higher level than mitochondria (e.g., Krause 2007 , Brown and Griendling 2009 , Dymkowska et al. 2015 . Furthermore, we should consider that mitochondrial and extramitochondrial ROS might impose different costs. Accordingly, in some Caenorhabditis mutants, mild levels of mitochondrial superoxide extend the lifespan (see mitohormesis below), whereas extramitochondrial superoxide may accelerate aging (Schaar et al. 2015) .
Interestingly, high levels of energy macronutrients activate NADPH oxidases. High circulating glucose levels lead to an increased ROS production by NOX in rats (Serpillon et al. 2009 ). Hypertriglyceridemic mice showed a high activity of NOX and xanthine oxidases in the liver and higher hepatic levels of lipid peroxidation, protein carbonyls, and oxidized glutathione (Alberici et al. 2009 ). In contrast, the same mice showed elevated body metabolic rates and mild mitochondrial uncoupling, leading to reduced ROS production by mitochondria (Alberici et al. 2009 ). These authors interpreted these findings as a protective response against a rise in ROS levels due to extramitochondrial enzymes. We must note that the liver is an important storage site for lipids in small mammals (which represent the animal models in most studies testing the hypothesis; e.g., Monaghan 2013, Blount et al. 2016) , with its mass and metabolism increasing during reproduction (Speakman 2008) . Therefore, we can hypothesize that, rather than an overall increase in metabolic rates, the increased levels of macronutrients that allow for reproduction could be the key to activating extramitochondrial ROS sources. This may ultimately promote oxidative stress among breeders as a part of the direct obligatory cost of reproduction (see the section on the extortion hypothesis below).
Hypotheses to explain lower oxidative damage among breeders
We have presented two theoretical arguments that may explain the lack of significance in the results of many studies testing the oxidative cost of reproduction, but why do breeding animals surpass nonbreeding individuals in antioxidant They have mostly been described in the cell membrane, where they release superoxide (O 2 -) to the extracellular space. They can also be found in the nucleus and endoplasmic reticulum membranes. Xanthine oxidases (XO) are other important sources of ROS. They are located in the cell membrane, peroxisome, and cytoplasm, releasing hydrogen peroxide from hypoxanthine or xanthine (purine bases). Nitric oxide synthases (NOS) are located in the cytoplasm, releasing nitric oxide (NO) or superoxide from L-arginine depending on its state (i.e., coupled or uncoupled NOS, respectively). ROS generated by NADPH oxidases also elicit ROS formation from XO and NOS. Other ROS sources include lipoxygenases (LOX) and cyclooxygenases (COX), which are located in the cell membrane and generate peroxides from fatty acids (FA). LOX can also be found in the endoplasmic reticulum. In addition to XO, the peroxisome holds fatty acyl-CoA oxidases, generating hydrogen peroxide. The cytochrome P450 in the endoplasmic reticulum also contributes to ROS production by releasing superoxide. Finally, P450, COX, and even NADPH oxidases (NOX4; Sakellariou Jackson and Vasilaki 2014) are involved in the respiratory chain in the mitochondrion.
protection? This finding has been relatively frequent, particularly among studies manipulating reproductive status (comparing breeders versus nonbreeders) in females of mammal species (reviewed in Blount et al. 2016) , although examples in male mammals (e.g., Garratt et al. 2012 ) and birds ) also exist. Should we accept that reproduction reduces oxidative stress, at least under some circumstances? Reduced levels of oxidative damage in breeders compared with those of nonbreeders would potentially favor longevity, challenging evolutionary theory proposing the classical trade-off between reproduction and survival (e.g., De Jong and van Noordwijk 1992) . To explain these counterintuitive findings, three hypotheses are discussed (see also table 1, figures 3 and 4).
Oxidative shielding. This hypothesis was formulated on the basis of results from meta-analyses including both correlational and experimental tests of the oxidative cost of reproduction in females of homeothermic vertebrates (Blount et al. 2016 ). These authors propose that "reductions in oxidative damage are pre-emptive and function to shield mothers, and in particular their gametes and developing offspring, from critical levels of oxidative insults that inevitably increase as a consequence of reproductive effort" (Blount et al. 2016, p. 495) . We assume that, to be preemptive, some unknown physiological mechanism should synchronize the oxidative shielding with the start of the reproductive effort (table 1, A1). Moreover, the cited reductions could be due to lower ROS production and/or increased antioxidant protection (Blount et al. 2016) . The authors also proposed that increased UCP activity and estrogen-mediated signals favoring antioxidant protection may be involved (Blount et al. 2016 ). The idea was mostly supported by mammalian studies showing lower oxidative-damage levels in breeding females compared with those of nonbreeding ones (Blount et al. 2016 ). The statistical effect was driven by decreased When reproduction takes place (3), macronutrient amounts decline; therefore, the oxidative damage is reduced. At that time, ROS, perhaps derived from increased enzyme metabolism in cells (figure 2), would drive the oxidative cost of reproduction, but circulating oxidized compounds due to resource allocation to reproduction may still contribute to that cost. We predict that the efficiency of (a) or (b) mechanisms becomes weaker with time because of aging, whereas (c) should be reinforced with age as opportunities for breeding decline (see also table 1).
protein carbonyl levels in the heart, liver, and follicles. This, however, contrasted with higher levels of the same biomarker in the blood of breeding animals (Yang et al. 2013 , Xu et al. 2014 . Reduced oxidative-damage values in breeders compared with those of nonbreeders would be required for shielding offspring because embryos are more sensitive to disturbances than adults are. The hypothesis is appealing as it considers fitness returns derived from offspring protection (via reproductive success). Some weaknesses in this hypothesis can, nonetheless, be argued. First, if the mechanism is preemptive, the lower oxidative-damage levels found in the organs of animals during the last stages of reproduction (i.e., the main empirical support; Yang et al. 2013 , Xu et al. 2014 should also have been present just before or at the beginning of reproduction (figure 4). In other words, the low value detected at the end of reproduction was interpreted as evidence of a precedent decline. However, why should we expect oxidative-damage levels in organs to remain low? Hormonerelated mechanisms (estrogens) or mitochondrial uncoupling are not stable processes. Perhaps we should exclusively predict a preemptive increase in protective mechanisms (via antioxidant levels or reduced ROS production) and then a subsequent reduction in oxidative damage (e.g., figure 3a) . Second, although reduced levels of oxidative damage in follicles may support the protection of the offspring, why should we expect the same shielding process in somatic tissues, such as the heart or liver (table 1, P3)? Third, why would somatic nonreproductive tissues in breeders show lower (not merely equal) damage levels than those in nonbreeders? Finally, the hypothesis is difficult to distinguish from a hormetic mechanism (below).
On the other hand, recent correlational evidence from the same research team (Vitikainen et al. 2016) seems to support the hypothesis. Wild female banded mongooses (Mungos mungo) showed lower plasma levels of oxidative damage in lipids (malondialdehyde, MDA, levels) during pregnancy, in contrast to other mammalian species (below). Moreover, contrary to previous findings in other species (Blount et al. 2016) , Vitikainen and colleagues (2016) did not find changes in protein carbonyls but rather found a negative correlation in pregnant females between the number of fetuses in the uterus and plasma MDA values. Furthermore, plasma MDA of adults predicted survival in a 2-to 3-year lapse. These results suggest that females may have shielded offspring by reducing their own damage levels, although these results were based on blood analyses and not on reproductive tissues. Moreover, we cannot fully discard the possibility that a reduction in lipid intake or fat reserves during pregnancy could influence circulating lipid levels and, accordingly, plasma MDA values (see the section on the extortion-for-reproduction hypothesis below).
Hormesis during reproduction. Intermediate levels of exposure to a stressor may trigger a physiological compensatory response that could, theoretically, not only maintain fitness returns at suitable levels but even increase fitness. This response is known as hormesis (e.g., Costantini 2014) . If the breeding effort is considered a mild stressor (table 1, A2), lower oxidative-damage levels among breeders may be due to hormesis (figure 3b). However, hormesis should only be triggered when animals are exposed to reproductive stress (Costantini 2014), whereas the preemptive response proposed in the oxidative-shielding hypothesis should take place in advance of stress (figure 4; Blount et al. 2016) . This complicates the decision of when sampling should be performed. In trying to explain aging (i.e., not the cost of reproduction), the mitohormesis hypothesis (i.e., Tapia 2006) proposes that a longer lifespan after caloric (mostly glucose) restriction in the diet is due to a moderate increase in mitochondrial ROS production. This, in turn, stimulates a compensatory (hormetic) response improving longterm oxidative stress resistance. This response would be induced by certain redox signals (reviewed in Ristow and Schemeisser 2014) . In addition to reduced glucose metabolism (Schulz et al. 2007) , moderately high levels of oxidative damage (Tapia 2006) , including lipid peroxidation, could also activate protection via mitohormesis (e.g., Ristow et al. 2009 , Labuschagne et al. 2013 . In that case, the involvement of mitochondria may not be strictly necessary, because other pro-oxidant sources (figure 2; see also Ristow and Schemeisser 2014) could trigger protection.
In a reproductive context, Gago-Domínguez and colleagues (2005) suggested that reduced breast cancer prevalence among parous women is due to the protective (perhaps hormetic) effect of high lipid peroxidation levels during pregnancy. Indeed, a rise in the level of oxidative damage to blood lipids in pregnant compared with that in nonpregnant females has been demonstrated in humans (reviewed in Little and Gladen 1999) and other mammals, including rodents (e.g., Upreti et al. 2002 , Castillo et al. 2005 , but see Vitikainen et al. 2016 . The same pattern has been described for protein carbonyls (e.g., Mihu et al. 2012) . The increase seems to be transient and limited to the gestation period, at least for lipid peroxides (Gago-Domínguez et al. 2005) . However, the ephemeral nature of these changes does not imply positive effects on fitness. In fact, as far as we know, no studies have reported lower lipid peroxidation levels in mothers after birth compared with levels in nonreproducing women. Moreover, if hormesis indeed acts on reproducing females, their lifespans or future fecundities should be increased compared with those of nonbreeders (Schulz et al. 2007 ). Therefore, the hormesis hypothesis also challenges the traditional evolutionary theory considering reproduction as a cost.
Extortion for reproduction. The possibility that reproduction reduces oxidative damage is not as paradoxical if we consider environmental conditions and life history. Experiments preventing breeding are difficult to perform in the field (e.g., it requires animal sterilization or the removal of nest sites or mates), whereas captivity (laboratory) conditions are usually designed for optimal reproduction. In terms of life history, most laboratory studies have involved animals without reproductive experience (Speakman and Garratt 2014, Blount et al. 2016) . We suggest that preventing reproduction under optimal conditions and for more or less long periods can affect the animals under study. Under these circumstances, the organism would be better suited to a reproductive situation. We believe that the focus should therefore be placed on the control, nonreproducing animals. Importantly, we assume that experimental controls showing high oxidative damage did not suffer social stress due to isolation or stocking density. These situations lead to changes in glucocorticoid secretion that, in turn, could increase oxidative stress (Costantini 2016) .
We propose that animals prevented from breeding under optimal conditions during prolonged periods would, in some way, be forced to reproduce by high oxidative damage ( figure 3c ). This mechanism may also have evolved in the wild (table 1, A3). Wild animals can experience high resource availability, allowing breeding, but may be unable to mate if the population (operational) sex ratio is biased. Macronutrients not diverted to reproduction can become oxidized or stimulate NADPH oxidases (above), recreating a terminal situation (see "terminal investment" in Clutton-Brock 1984). This should not be limited to species assigned to the traditional classification of capital breeder (i.e., species mostly relying on energy stores for reproduction; Jonsson 1997), because high circulating levels of macromolecules (also present in "income" breeders) could be sufficient to trigger the mechanism. High amounts of oxidized macromolecules or ROS would alter redox-signaling pathways, promoting hormonal and behavioral changes leading to reproduction with as little delay as possible (figure 3c; table 1, A1, P7). Under free-living conditions, this could be attained by dispersal to other populations. In summary, animals prevented from reproducing would be spurred on by the perception that life is advancing too rapidly. This hypothesis is attractive, but is there any supporting evidence?
Cancer epidemiology suggests higher levels of oxidative damage in women without reproductive experience. We must note that cancer development is strongly linked to high oxidative stress levels and high activity of NADPH oxidases (Bedard and Krause 2007) . Nulliparity and late age at first birth in women are associated with a higher prevalence of breast cancer (e.g., Ma et al. 2006) , which is also the most frequent cancer in women worldwide (www.wcrf.org/int/ cancer-facts-figures/worldwide-data). The same association was found in other reproductive and nonreproductive cancers (e.g., ovarian, brain, pancreas, colon, and liver; Martínez et al. 1997 , Merrill et al. 2005 , Chang et al. 2010 , Wu et al. 2011 , Schüler et al. 2013 ). Late parturition is, nonetheless, related to a lower prevalence of uterine cancers, mostly cervical cancer (Merrill et al. 2005) . However, cervical cancer is primarily due to human papillomavirus (Bosch et al. 2006) .
We assume that women in most demographic studies on cancer have a sufficiently high availability of energy macronutrients to allow for reproduction. However, we recognize that demographic studies in humans are basically correlations in which socioeconomic factors and other covariates cannot be well controlled. Therefore, causality should be inferred with caution. Moreover, we could argue that cancer is mostly detected at relatively older ages, with its impact on individual fitness perhaps being minor. Nonetheless, fitness returns in older women may also arise via parental care devoted to adult offspring or grandchildren (Hawkes 2004) . In any event, we note the lack of knowledge regarding the impact of cancer on wild populations of other species (Vittecoq et al. 2015) .
Potential evidence may be drawn from results of an experiment manipulating precopulatory reproductive investments in zebra finches . We predicted that male zebra finches caged in view of females should show an increase in MDA levels in plasma as a result of investing carotenoid pigments (antioxidants) in reproduction (sexual coloration). We found the opposite, with males housed in view of other males showing an increase in plasma MDA values. Our result was, however, explained by an increase in the level of circulating triglycerides. Plasma MDA and even hydroperoxide levels, another oxidative-damage marker (derivatives of reactive oxygen metabolities, d-ROMS; e.g., Costantini et al. 2014) are positively correlated to circulating lipid (triglycerides) levels, at least in birds (Pérez-Rodríguez et al. 2015) and humans (e.g., Toescu et al. 2004) . The same correlation is present for isoprostanes, another popular lipid oxidation marker, in human blood (Halliwell and Lee 2011) . This means that recent food intake, fatness, or lipid mobilization from stores may potentially affect these measures. Therefore, we urge caution in direct interpretations derived from these parameters. Male zebra finches housed with other males showed increased body mass and plasma triglyceride levels, probably because of lower rates of social interactions, and therefore less energy consumption . The results, therefore, suggest that sexually mature animals with abundant energy macromolecules, circulating in blood or being stored, may suffer oxidative damage when no mate is available (table 1, A2).
In addition, recent studies testing somatic and germline signaling networks leading to longevity extension and reduction, respectively, suggest that the first is, at least partially, attained by reorganizing lipid stores . Germline ablation (mostly in invertebrates) favors transcription factors promoting lipase activity and autophagy, lipid unsaturation, and beta-oxidation , Lapierre et al. 2013 . Accordingly, some authors have suggested that these signals may eliminate the excess of those fatty acids used for reproduction and convert them into forms that favor a long life (Ratnappan et al. 2013) . This perspective agrees with the idea that high lipid accumulation for reproduction leads to higher oxidative stress in prebreeding animals.
Although the hypothesis may apparently reconcile empirical findings with life-history theory, one potential problem is that no study testing the oxidative cost of reproduction has reported (or tested) reduced longevity among nonreproducing captive animals showing higher oxidative-damage levels (table 1, P4). This would be expected if higher oxidative damage among nonbreeders leads to reduced longevity. We must nonetheless consider that most studies have involved young individuals that may be better able to face the challenge, at least under laboratory conditions (Speakman and Garratt 2014, Blount et al. 2016) . In fact, we predict that the mechanism would be reinforced when age advances (see the next section).
Testing the hypotheses. Experiments testing reproductive costs are usually performed by randomly allocating animals to reproduction or nonreproduction groups or by manipulating reproductive effort only among breeders (e.g., AlonsoAlvarez and Velando 2012, Metcalfe and Monaghan 2013) . To test the three hypotheses using these approaches, an accurate sampling schedule is required involving repeated measures taking into account the predicted changes in oxidative damage (table 1, P1 and P2; figure 4 ).
In the case of oxidative shielding, at least three sampling events are required: two events before reproduction to document a preemptive decline in damage (i.e., to discard hormesis) and another sampling after breeding to demonstrate that the potential impact was not only avoided but also reversed (i.e., less damage among breeders; figure 4). Only noninvasive techniques such as blood analyses, or perhaps semen sampling, allow for repeated measures, precluding the study of internal organs. The question is important if we predict that oxidative shielding should be present in those tissues that mostly influence offspring quality (i.e., the reproductive system; table 1, P3). Alternatively, different animals could be sacrificed at different phases, but this reduces the reliability of results compared with that of longitudinal analyses. In addition, experiments should include the analysis of the individual quality of descendants. Parents generating a stronger preemptive decline in oxidative damage should produce higher-quality descendants (i.e., lower oxidative damage and higher survival probabilities; table 1, P4).
In the case of hormesis during reproduction, tissues should be sampled before and during reproduction to detect a transient rise in oxidative stress (figure 4). A third measure should be carried out to detect the subsequent decline, which should attain lower damage levels than those found in control nonbreeding individuals. The positive impact of this mechanism should be tested in terms of parental longevity but may also affect current and future reproductive success (i.e., fitness; table 1, P4).
Testing extortion for reproduction requires the detection of increased levels of both macronutrients (lipids and/or proteins) and oxidized compounds (e.g., MDA or protein carbonyls) among fully sexually mature and healthy individuals prevented from breeding. A decline in both parameters when reproduction is allowed to occur must also be seen ( figure 4) . However, such a decrease may not result in less or equal oxidative damage in breeding individuals compared with that of animals in a nonreproductive stage (figure 4). In the latter two hypotheses, the type of tissue is not necessarily related to the quality of the offspring (table 1, P4).
Experimental approaches can involve not only manipulations of breeding effort but also of oxidative stress. This would allow the testing of predictions related to life history traits. For instance, in the case of the hormesis-duringreproduction hypothesis, we should predict that reproducing animals supplied with dietary antioxidants will mount a weaker compensatory response and suffer a reduction in fitness (shorter lives or reduced fecundity; table 1, P6). In the extortion-for-reproduction hypothesis, we predict that fully sexually mature nonreproducing animals with ad libitum access to macronutrients and without previous breeding experience should delay their first reproduction when antioxidant supplements are provided (table 1, P6). The last two predictions are apparently counterintuitive considering our current knowledge on reproductive constraints (e.g., Dowling and Simmons 2009) and the oxidative stress theory of aging (Sies and Cadenas 1985) . Nonetheless, they can be tested by correctly adjusting antioxidant doses. As alternatives to dietary antioxidants, mitochondrial uncouplers and NOX inhibitors developed to combat cancer and other human diseases may be promising methods to reduce ROS generation (e.g., Salin et al. 2012 , Altenhöfer et al. 2015 . The simultaneous use of these two methods could allow for testing the relative contribution of mitochondrial and extramitochondrial ROS sources to the oxidative cost of reproduction.
To conclude, the three hypotheses are compatible. They formulate predictions for different reproductive groups. Hormesis and oxidative shielding should act among breeders, whereas extortion for reproduction should affect nonbreeders (table 1, P1) . This, in turn, should magnify differences between groups. Nonetheless, we also predict that hormesis during reproduction could weaken over the lifespan as we expect an aging-related decline in the capacities for hormesis (table 1, P5; Costantini 2014). The same could apply to oxidative shielding, assuming an increased accumulation of oxidative damage with age (i.e., Sies and Cadenas 1985) . However, extortion for reproduction should mostly act or be reinforced at advanced ages as opportunities for breeding decline (table 1, P5). Therefore, experiments on comparatively young animals would be more likely to detect hormesis, whereas manipulations in older individuals would be more likely to support the extortion hypothesis. In support of the latter, studies have shown that male and female rats prevented from reproducing throughout their lifetime undergo higher levels of oxidative damage compared with reproducing animals, but only at older ages (about 2 years old; Alabarse et al. 2011 , Da Silva et al. 2013 .
Conclusions
In our view, the oxidative-cost-of-reproduction hypothesis does not present insurmountable theoretical problems. Efforts should be redirected to refine experimental designs and address new hypotheses (figure 3). The fact that virtually all of the experiments reporting counterintuitive results compare reproducing versus nonreproducing animals, and not reproductive animals enduring different breeding effort (but see Garratt et al. 2013) , suggests that the first type of study must be improved. Importantly and not previously highlighted, it cannot be discarded that some animals prevented from breeding may be low-quality individuals unable to reproduce. These individuals may endure greater oxidative damage, buffering the statistical effect. Moreover, some animals will be unable to breed quickly in the relatively short time period of an experimental work. In fact, experimental studies often mention that those animals allocated to reproduction that did not breed during the study period were excluded (e.g., Yang et al. 2013 ), but not all the works describe this detail. The excluded animals may never breed (i.e., may be sick individuals) or may require more time to reach a certain threshold in terms of energy, micronutrients, or signaling (hormones) allowing reproduction. They may also be prone to physiological corticoid-based stress under captivity conditions. Although these biases are probably subtle, they would act in opposing directions (i.e., by including and excluding the worst animals in nonbreeders and breeders, respectively) increasing the likelihood of detecting null effects or even oxidative-damage reduction among breeders. The only solution is to test and control for differences between treatments in oxidative stress levels before the experiment. This is, however, infeasible when animals are sacrificed for analyzing internal tissues.
To demonstrate a cost in evolutionary terms, any manipulation of reproductive investment should have a consequence in terms of reduced fitness (e.g., Alonso-Alvarez and Velando 2012) . This has rarely been tested for most studies testing the OCR and is a difficult task, particularly in free-living animals (but see Vitikainen et al. 2016) . For instance, Santos and Nakagawa (2012) recently performed a meta-analysis reviewing evidence of a cost of brood or clutch size manipulations in wild birds, detecting weak effects on survival (only among male parents experiencing increased breeding effort). An absence of effective evolutionary costs would make discussions about the proximate mechanisms irrelevant.
The same argument can be applied to the choice of analytical techniques. Much effort has been placed on oxidativedamage markers, because they are supposedly unambiguous. However, the evidence of a connection between levels of these parameters and longevity in longitudinal studies is still scarce. Furthermore, the search for a link to fitness should not be limited to longevity but should consider future fecundity (e.g., Costantini et al. 2015) . In fact, it has been suggested that oxidative stress may act as a reproductive constraint (reviewed in Stier et al. 2012 ; see also Costantini et al. 2016) . If oxidative stress constrains reproduction, oxidative stress due to reproduction could also be costly by limiting future reproduction. We suggest focusing on oxidative damage in germline DNA, which mostly promotes deleterious mutations but may also lead to infertile adult offspring (Velando et al. 2008 ). All parental investment in these deficient descendants would be lost. Therefore, germline oxidative damage might have a greater impact on parental fitness than does oxidative damage in somatic cells. Unfortunately, no work has yet addressed this question. Finally, the study of the entire transcriptome (e.g., Rey et al. 2016 ) could reveal unknown signaling molecules involved in the reproductive trade-off, which could open the possibility of manipulations allowing the testing of the proposed hypotheses.
